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This work presents a comparison between static and dynamic modes of biosensing using a novel microfluidic assay for continuous and quantitative detection of Legionella pneumophila sg1 in artificial water samples. A self-assembled monolayer of 16-amino-1-hexadecanethiol (16-AHT) was covalently linked to a gold substrate, and the resulting modified surface was used to immobilize an anti-Legionella pneumophila monoclonal antibody (mAb). The modified surfaces formed during the biosensor functionalization steps were characterized using electrochemical measurements and microscopic imaging techniques. Under static conditions, the biosensor exhibited a wide linear response range from 10 to 10 8 CFU/mL and a detection limit of 10 CFU/mL. Using a microfluidic system, the biosensor responses exhibited a linear relationship for low bacterial concentrations ranging from 10 to 10 3 CFU/mL under dynamic conditions and an enhancement of sensing signals by a factor of 4.5 compared to the sensing signals obtained under static conditions with the same biosensor for the detection of Legionella cells in artificially contaminated samples.

Introduction

Legionella pneumophila is the main vector of Legionnaires' disease, a type of pneumonia that can be fatal in humans. Indeed, inhalation of contaminated aerosols can cause bilateral pneumonia [START_REF] Sharma | Atypical Pneumonia[END_REF]. It has been reported that 9% of domestic cases are fatal [START_REF] Dooling | Active Bacterial Core Surveillance for Legionellosis -United States, 2011-2013[END_REF], reaching between 25 to 48% for nosocomial cases in the USA [START_REF] Soda | Vital Signs: Health Care-Associated Legionnaires' Disease Surveillance Data from 20 States and a Large Metropolitan Area -United States, 2015[END_REF]. In France, there was a 75% increase in the number of recorded incidences in 2018 compared to the previous year (Campese, 2018).

Legionella bacteria are found in natural aquatic environments and wet soils [START_REF] Borella | Water ecology of Legionella and protozoan: environmental and public health perspectives[END_REF]. They are known to colonize artificial human-made aquatic ecosystems such as hot water distribution systems, air conditioning systems, and air-cooling towers, thereby giving rise to severe outbreaks of pneumonia [START_REF] Beer | Surveillance for Waterborne Disease Outbreaks Associated with Drinking Water -United States, 2011-2012[END_REF]Mobed et al., 2019a). Approximately 28 sources of sporadic cases involving potable water, hot springs, humidifiers, water fountains, and medical respiratory equipment have been identified [START_REF] Orkis | Environmental sources of community-acquired legionnaires' disease: A review[END_REF].

Therefore, any water system that generates aerosols from water should be considered at-risk [START_REF] Baldovin | May car washing represent a risk for Legionella infection?[END_REF][START_REF] Walker | The influence of climate change on waterborne disease and Legionella : a review[END_REF]. For this reason, effective monitoring of water systems is critical. However, current standardized detection and enumeration methods (ISO 11731 and AFNOR T90 431 for cultures and ISO 12869 and AFNOR T90 471 for quantitative PCR) suffer from limitations that hinder proper and timely diagnosis (Mobed et al., 2019a).

Analysis by culture takes up to 10 days and the recovery of Legionella is not optimal due to the acid treatment and concentration stage [START_REF] Delgado-Viscogliosi | Rapid Method for Enumeration of Viable Legionella pneumophila and Other Legionella spp[END_REF]. Viable but nonculturable cells (VBNC), which are compromised cells characterized by a loss of culturability, are not detected using cultures [START_REF] Kirschner | Determination of viable legionellae in engineered water systems: Do we find what we are looking for?[END_REF], whereas it has been demonstrated that they are nonetheless still able to infect amoebae and human macrophages [START_REF] Alleron | VBNC Legionella pneumophila cells are still able to produce virulence proteins[END_REF][START_REF] Dietersdorfer | Starved viable but nonculturable (VBNC) Legionella strains can infect and replicate in amoebae and human macrophages[END_REF]. Several studies have demonstrated that VBNC forms are systematically present in potable water sources due to the presence of disinfection products and their low levels of nutrients [START_REF] Chang | Effects of chlorination and heat disinfection on long-term starved Legionella pneumophila in warm water[END_REF][START_REF] Dietersdorfer | Starved viable but nonculturable (VBNC) Legionella strains can infect and replicate in amoebae and human macrophages[END_REF].

Quantitative PCR (qPCR) is fast and easy to implement. However, it is limited by its inability to discriminate between dead and live cells, not to mention the need for specialized knowledge and experience to operate the equipment.

Furthermore, both techniques require harvesting of water samples and further lab-based analyses.

Contaminated water systems are mainly disinfected using chlorine or heat treatment by exposure to high temperatures (70 °C for 30 min). It has been shown that up to 25% of Legionella bacteria can survive after such a heat treatment, and they are able to regrow after a few months [START_REF] Allegra | Longitudinal Evaluation of the Efficacy of Heat Treatment Procedures against Legionella spp. in Hospital Water Systems by Using a Flow Cytometric Assay[END_REF]. In light of the reasons outlined above, there is hence a clear need to develop fast, sensitive, portable, and easy-to-use devices to achieve continuous monitoring of Legionella that can be applied directly to the water system.

Biosensors are considered to be a valuable alternative in this field. However, despite their remarkable sensitivity and biological compatibility, only a small number of practical studies have investigated the use of immunosensors to address this issue.

In this context, an optical fibre sensor based on surface plasmon resonance has been reported to provide a limit of detection of approximately 10 CFU/mL [START_REF] Lin | Development and application of side-polished fiber immunosensor based on surface plasmon resonance for the detection of Legionella pneumophila with halogens light and 850nm-LED[END_REF]. A similar sensitivity can be obtained using an electrochemical impedance spectroscopy immunosensor [START_REF] Sboui | Characterisation of electrochemical immunosensor for detection of viable not-culturable forms of Legionellla pneumophila in water samples[END_REF], and this LOD is considered to be the lowest detected concentration. For instance, Li et al. [START_REF] Li | Disposable Immunochips for the Detection of Legionella pneumophila Using Electrochemical Impedance Spectroscopy[END_REF] and [START_REF] Lei | Microelectrode array biosensor for the detection of Legionella pneumophila[END_REF] reached LOD values of 10² Cells/mL and 10 5 CFU/mL, respectively, using an impedimetric immunosensor to detect Legionella pneumophila. Using an amperometric magnetic immunoassay assay for Legionella pneumophila detection, Martini et al. reported a LOD of 10 4 CFU/mL, with the possibility of detecting Legionella cells at 10 CFU/mL after a preconcentration step [START_REF] Martín | Rapid Legionella pneumophila determination based on a disposable core-shell Fe 3 O 4 @poly(dopamine) magnetic nanoparticles immunoplatform[END_REF].

Using surface plasmon resonance technology for Legionella pneumophila detection, Enrico et al. [START_REF] Enrico | SPR based immunosensor for detection of Legionella pneumophila in water samples[END_REF] and Foudeh et al [START_REF] Foudeh | Rapid and multiplex detection of Legionella's RNA using digital microfluidics[END_REF] reported LOD values of ~ 10 4 CFU/mL. More recently, Aziziyan et al. have used the negative zeta potential, enhanced by decorating Legionella pneumophila with negatively charged sodium dodecyl sulphate molecules, to achieve a detection limit of 10 3 CFU/mL [START_REF] Aziziyan | Sodium dodecyl sulfate decorated Legionella pneumophila for enhanced detection with a GaAs/AlGaAs nanoheterostructure biosensor[END_REF]. Despite their high sensitivities, these methods require specific equipment, as well as the necessary skills and expertise to properly interpret the sensing data. By using genosensors, which allow the detection of a specific DNA sequence, several authors have been able to achieve very low quantification limits of 10 -21 M (Mobed et al., 2019b) and 10 -14 M [START_REF] Rai | Electrochemically amplified molecular beacon biosensor for ultrasensitive DNA sequence-specific detection of Legionella sp[END_REF].

Nevertheless, despite their high sensitivities, genosensors cannot be used to detect and quantify live bacterial cells in water samples.

In light of these various reasons, in this study, we investigated a new version of a microfluidic immunosensor based on a combination of biosensor technology for Legionella detection and microfluidic systems.

Experimental

2.1.Chemicals and reagents

Phosphate-buffered saline (PBS) (0.01 M, pH 7.4), sulphuric acid (95-97%), bovine serum albumin (BSA, ≥ 96%), hydrogen peroxide solution (H2O2, 30%), acetone, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), and 16-Amino-1-hexadecanethiol hydrochloride (16-AHT) were purchased from Sigma-Aldrich.

BupH™ MES Buffered Saline Packs (MES) were purchased from Thermo Fisher Scientific and ethanol (99.8%) was purchased from Fluka.

Monoclonal mouse anti-Legionella antibody Dp-Lp1-O2 provided by Microbiodetection SARL (Commercy, France) was stored frozen, and three standard solutions were prepared daily at 0.1, 0.05, and 0.01 mg/mL in HEPES-buffered saline (HBS) composed of 10 mM HEPES and 150 mM NaCl.

All chemicals were analytical grade and were used without further purification.

Bacterial strain

A Legionella pneumophila sg1-GFP strain (Lp1-008-GFP) previously validated [START_REF] Mustapha | Monitoring of Legionella pneumophila viability after chlorine dioxide treatment using flow cytometry[END_REF] for the expression of green fluorescent protein (GFP) was cultured on buffered charcoal yeast extract agar (BCYEα medium) containing chloramphenicol and incubated at 37 • C for 72 h to obtain exponential phase forms. All of the bacterial samples were freshly prepared by resuspension of colonies in an appropriate volume of PBS (Dulbecco's Phosphate-Buffered Solution, Sigma, France). An optical density (OD) of 0.2 at 600 nm (Biomate TM3; Avantec, Illkirch, France) was taken as a reference for the initial suspension containing 10 8 CFU/mL. Ten-fold serial dilutions from 10 to 10 8 CFU/ml were prepared and used to study the biosensing performance in both static and dynamic detection mode. The concentration of each independent initial suspension was determined by twice plating 100 µL aliquots of 10 2 and 10 3 dilutions on BCYE agar medium. The Legionella colonies were counted using a Scan 1200 enumerating system-Interscience, after 72 h at 37 °C.

Apparatus

All of the electrochemical measurements were performed at pH 7.4 in a 0.01 M PBS solution containing 0.1 M KCl and 10 mM [Fe(CN)6] 3-/4-(the reaction is controlled by diffusion of the ferri/ferrocyanide system as a redox probe) using a portable bipotentiostat (Metrohm, France SAS). Cyclic voltammograms (CV) were recorded at a scan range from -0.4 to + 0.6 V with a scan rate of 0.05 V/s. Square-wave voltammograms (SWV) were recorded from -0.3 to + 0.5 V using the following parameters: a frequency of 5 Hz, a pulse amplitude of 0.002 V, and a scan rate of 0.05 V.s -1 . To guarantee reproducibility, each experiment was carried out independently at least three times using three different SPEs. The Drop View 8400 software plots the results as SWV and CV curves. The experiments were performed using a threeelectrode system with Au as the working electrode, Pt as the auxiliary electrode, and Ag as the reference electrode.

Validation of functionalization was carried out by electrochemical measurements after each functionalization step and by visualization of the morphological changes using scanning electron microscopy (SEM, Nova Nanosem FEI 200, accelerating voltage 20 kV), and atomic force microscopy (AFM, Agilent 5500 LS instrument, Les Ulis, France). Before being observed by AFM, the SPEs were rinsed using ultrapure water and dried under nitrogen (N2) to prevent the formation of salt crystals. The images were processed using GWIDDION software (version 2.52). The root mean square (RMS) was used to characterize the surface roughness in terms of the irregularity and height distribution. Confocal laser scanning microscopy (CLSM) images were obtained using a TCS-SP2 inverted confocal scanning laser microscope (LEICA Microsystems, Nanterre, France), with argon as an excitation source (488 nm).

Fabrication of the biosensor

Screen-printed electrodes (SPEs), were purchased from Metrohm, France. The SPEs were first rinsed with an acetone and ethanol solution to remove physically adsorbed contaminants.

The working area (4-mm diameter) was then immersed for 1 min in a fresh piranha solution of 3:1 (v/v) 98% H2SO4/30% H2O2 using all the necessary safety procedures. The SPEs were then rinsed extensively with ultrapure water several times and finally dried in air.

Once cleaned, the SPEs were immersed in a solution of 2 mM 16-amino-1-hexadecanethiol 16-AHT in 99.8% ethanol for 24 hours in the dark at 4 °C to form self-assembled monolayers.

The carboxyl groups located on the crystallizable fragment of the heavy chains of the anti-L. pneumophila monoclonal antibody (mAb) were activated using EDC (dissolved in MES) as described by [START_REF] Vashist | Effect of antibody immobilization strategies on the analytical performance of a surface plasmon resonance-based immunoassay[END_REF][START_REF] Vashist | One-step antibody immobilization-based rapid and highly-sensitive sandwich ELISA procedure for potential in vitro diagnostics[END_REF] Despite its importance for the biosensing performance [START_REF] Vashist | Comparison of 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide Based Strategies to Crosslink Antibodies on Amine-Functionalized Platforms for Immunodiagnostic Applications[END_REF][START_REF] Vashist | Effect of antibody immobilization strategies on the analytical performance of a surface plasmon resonance-based immunoassay[END_REF][START_REF] Vashist | One-step antibody immobilization-based rapid and highly-sensitive sandwich ELISA procedure for potential in vitro diagnostics[END_REF], it is still difficult to ensure the orientation of the antibody during the activation process.

According to the literature, the use of EDC [START_REF] Ismail | Application of APTES-Anti-E-cadherin film for early cancer monitoring[END_REF][START_REF] Vashist | One-step antibody immobilization-based rapid and highly-sensitive sandwich ELISA procedure for potential in vitro diagnostics[END_REF] or EDC/N-hydroxysulfosuccinimide (NHS) [START_REF] Chou | Ultra-low fouling and high antibody loading zwitterionic hydrogel coatings for sensing and detection in complex media[END_REF][START_REF] Raghav | Immobilization strategy for enhancing sensitivity of immunosensors: L -Asparagine-AuNPs as a promising alternative of EDC-NHS activated citrate-AuNPs for antibody immobilization[END_REF] or EDC with Sulfo-NHS [START_REF] Dixit | Multisubstrate-compatible ELISA procedures for rapid and high-sensitivity immunoassays[END_REF] enables chemical activation of the carboxyl groups.

Thus, the antibody linkage occurs through a peptide bond that should, theoretically, not affect its bioactivity.

However, the biosensor efficiency was found to be enhanced when EDC alone was used [START_REF] Vashist | Comparison of 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide Based Strategies to Crosslink Antibodies on Amine-Functionalized Platforms for Immunodiagnostic Applications[END_REF]. We compared the use of EDC alone and the use of EDC along with NHS (data not shown). The results corroborated the previous idea, which is a reason why we adopted this method.

A 50 µL aliquot of the EDC-activated mAb antibodies was then incubated overnight at 4 °C.

A final step consisting of the addition of PBS containing 1% bovine serum albumin (BSA) was carried out in order to block the non-specific binding sites on the sensing area.

2.5.Optimization of the antibody concentration under static conditions

In order to be able to minimize the final cost of the biosensor, we tested the anti-Legionella antibody at 3 different concentrations: 0.01, 0.05, and 0.1 mg/mL. These three concentrations were tested to detect Legionella in static mode as follows: 10 µL of the dilution containing Legionella at 10 CFUs/mL were deposited on the pretreated area of the SPE and then left for 3 h of incubation at room temperature and finally rinsed with PBS solution and characterized electrochemically using CV and SWV. On the same biosensor, 10 µL of Legionella at 10 2 CFUs/mL was added and the same procedure was performed, and so on, each time adding a 10-fold higher concentration of bacteria until Legionella at 10 8 CFUs/mL was reached. This procedure was used to obtain a more reliable indication of the occurrence of sensor saturation.

As in our previous work regarding the detection of Legionella under static conditions [START_REF] Souiri | AFM, CLSM and EIS characterization of the immobilization of antibodies on indium-tin oxide electrode and their capture of Legionella pneumophila[END_REF], the sensor was incubated for 3 hours [START_REF] Ismail | Application of APTES-Anti-E-cadherin film for early cancer monitoring[END_REF] so that the bacterial cell capturing time could be considered to be long enough to assure a comparative results with the dynamic mode of detection. The sensor was kept in a sealed empty Petri dish to avoid surface dryness during the incubation.

Dynamic detection

The Legionella detection experiments under dynamic conditions were carried out in a glove box. The SPE was inserted into a microfluidic cell (volume of the cell: 8 µL; Input Diameter: 1 mm -Metrohm, France) linked to a cell inlet and connected to the tube containing the bacterial suspension (2 mL). Circulation was achieved using a peristaltic pump (Watson-Marlow, type 101 U/R) and the bacterial suspensions were recirculated 5 times at a maximum speed of 100 µL.min -1 . The SPE electrode was then characterized electrochemically. The dilutions were tested using the same cumulative process described for the static mode.

Biosensing performance under dynamic conditions

In order to evaluate the efficiency of this mode of detection, 2 mL aliquots of the precirculated and the post-circulated contaminated samples were evaluated by culture: 500 µL of 10, 10 2 , and 10 3 CFUs/mL samples were plated on four BCYE plates (eight plates for each concentration). For each bacterial concentration, the initial suspension and the recirculated suspension (total volume of 2 mL for each one) were plated on BCYE agar supplemented with chloramphenicol and incubated at 37 °C for 72 h. All of the BCYE plates were observed under UV light at 366 nm to enumerate GFP-L. pneumophila colonies. Flow cytometry assays (FCA) (Cube6, Sysmex) were also carried out to assess the physiological states of the bacteria: dead, alive, and 'viable but nonculturable' (VBNC) before and after fluid circulation.

The quantification protocol was as described in our previous study [START_REF] Allegra | Use of Flow Cytometry To Monitor Legionella Viability[END_REF].

Thus, 2 mL of 10 5 CFU/mL was processed for quantification using this technique.

Results and Discussion

3.1.Validation of the surface modification: layer formation

The subsequent functionalization steps carried out on the bare gold electrode successively resulted in three modified surfaces: 16-AHT/Gold, mAb/16-AHT/Gold, and mAb-BSA/16-AHT/Gold. Each of these three modified surfaces was characterized by microscopic imaging techniques and by electrochemical measurements taking into account the responses obtained with the bare gold surface.

SEM and AFM characterization a) SEM characterization

SEM imaging was carried out on the bare gold surface (Fig. 1a) and on each of the three subsequent modified surfaces (Fig. 1b,1c,1d). As can be seen in Fig. 1a, the surface topography of the typical gold electrode exhibited a high level of definition and homogeneity of the gold film. Compared to the SEM images of the bare gold surface, those obtained from the functionalized surfaces revealed various new 'geometric shapes' that clearly indicated effective immobilization of the corresponding molecules (16-AHT). In terms of the first functionalization step (Fig. 1b), the corresponding geometric shapes appeared to be quite smooth and the shapes had a narrow size range. Furthermore, this range did not change over the entire surface. Such forms could be the result of organized self-assembled monolayers of 16-AHT (Fig. 1b). A similar result was previously reported by Heimel et al. [START_REF] Heimel | Interface Energetics and Level Alignment at Covalent Metal-Molecule Junctions: π-Conjugated Thiols on Gold[END_REF] using the simulated adsorption geometry for 4'-substituted-4-mercaptobiphenyls. These results suggest that the self-assembled molecules (SAM) can undergo a similar formation process. The SEM image of the antibody-modified surface (0.1 mg/mL) revealed grainy forms distributed homogeneously over the entire surface (Fig. 1c), suggesting successful mAb linkage to the 16-AHT modified surface. As can be seen in Fig. 1d, the SEM image of the BSA-treated surface (mAb-BSA/16-AHT/Gold) revealed the presence of more irregular shapes that were between 20 and 50 nm in size. This could be attributed to the adsorption of BSA on non-specific mAb binding areas. Our results, and those reported by others [START_REF] Mathebe | Electrochemistry and scanning electron microscopy of polyaniline/peroxidase-based biosensor[END_REF][START_REF] Zhang | Ultrasensitive electrochemical biosensing for DNA using quantum dots combined with restriction endonuclease[END_REF], confirm the successful use of SEM imaging to characterize modified surfaces during biosensor fabrication. The topography of the bare gold surface and each of the three modified surfaces was analysed using atomic force microscopy (AFM). The roughness parameter was evaluated as the average root mean square roughness (RMS) based on five measurements performed at five different locations (2 x 2 µm 2 ) on the surface. The roughness of the bare gold surface differed from that obtained for the modified gold surface, suggesting the formation of layers of film on the gold surface. Depending on the functionalization step, the analysed surface exhibited a reduced RMS roughness with a substantial standard deviation. These results could be explained by both the surface heterogeneity induced by the chemical modification and the manufacturing process of the screen-printing technology of gold particles suspended in an ink on a ceramic substrate [START_REF] Butterworth | SAM Composition and Electrode Roughness Affect Performance of a DNA Biosensor for Antibiotic Resistance[END_REF]). Yet, ultra-flat surfaces could be obtained using the pressure forming template stripping fabrication technique (0.35 ± 0.05 nm RMS roughness), as previously reported [START_REF] Rubio-Lara | Ultraflat Gold QCM Electrodes Fabricated with Pressure-Forming Template Stripping for Protein Studies at the Nanoscale[END_REF]. Overall, the generation of rough surfaces is one of the most convenient and effective ways to improve sensing signals [START_REF] Gao | On-chip suspended gold nanowire electrode with a rough surface: Fabrication and electrochemical properties[END_REF]. Following the first step of modification (16-AHT) of the gold substrate, the standard deviation decreased, suggesting good coverage of the modified surface. According to Love et al. [START_REF] Love | Self-Assembled Monolayers of Thiolates on Metals as a Form of Nanotechnology[END_REF], SAMs can be fabricated into patterns in the plane of a surface with dimensions ranging from 10 to 100 nm, thus resulting in the formation of a geometric shape through the formation of an assembled monolayer. For the antibody modified surface, the slight decrease in the standard deviation could be the result of the immobilization of the antibody molecules. The addition of BSA appears to indicate better coverage of the surface, which could be due to the adsorption of BSA molecules at different angles, as previously reported [START_REF] Rubio-Lara | Ultraflat Gold QCM Electrodes Fabricated with Pressure-Forming Template Stripping for Protein Studies at the Nanoscale[END_REF]. 

Electrochemical characterization (SWV and CV)

Electrochemical measurements remain the most effective method for surface analysis during the fabrication process and the performance of the biosensor. In our study, the electrochemical behaviour of the modified surface was investigated using square-wave voltammetry (SWV)

and cyclic voltammetry (CV) of the bare gold electrode and the three subsequent modifications with 16-AHT, mAb, and BSA, respectively.

As can be seen in Fig. 2, the peak current in SWV of the bare gold electrode was lower for each of the subsequent modified surfaces, suggesting immobilization of probe molecules. The highest current response occurred for the gold electrode (red curve). The peak current decreased substantially after treatment of the gold surface with aminothiol molecules (blue curve). The subsequent modification of the 16-AHT/Gold surface with antibody molecules was associated with a further decrease in the corresponding peak current of SWV (green curve), whereas no peak current change was observed after BSA treatment.

The observed decrease of the peak potentials by SWV after each of the two subsequent functionalization steps of the bare gold electrode could be related to a restricted mass transfer of redox species. This could be due to the molecular length of the covalently linked aminothiol and mAb molecules [START_REF] Chen | Effect of Anchoring Groups on Single-Molecule Conductance: Comparative Study of Thiol-, Amine-, and Carboxylic-Acid-Terminated Molecules[END_REF][START_REF] Zhang | Direct immobilization of antibodies on dialdehyde cellulose film for convenient construction of an electrochemical immunosensor[END_REF].

Furthermore, the reduction of the amplitudes of the current peaks recorded after the functionalization steps was associated with a slight change in the peak potential location. The peak current of the gold electrode was located at + 0.15 V whereas the peak current of the aminothiol-treated electrode was shifted to + 0.13 V. This slight potential shift of the peak current towards a lower voltage for the 16-AHT-modified surface could be related to the presence of a positive electrostatic charge around the H2N-terminated thiol-linked molecules.

Indeed, at the pH that was used (a pH of 7.4), and taking into account a pKa of 10.6 for the NH3+/NH2 couple [START_REF] Kromann | Prediction of pKa values using the PM6 semiempirical method[END_REF], the protonated form of the base predominated (NH3+). Moreover, the current peak for the treated surface with mAbs underwent a positive shift relative to that obtained following the first functionalization step. The corresponding peak appeared at + 0.18 V. This additional shift could be the result of the negative charge of the mAbs carboxyl groups at pH = 7.4. The negative charges introduced after mAb treatment would neutralize the positive charges of the amino functional groups. This could explain the shift of the current peak to a higher voltage following the second step of the functionalization of the biosensor. Similar results have been reported based on electrochemical impedance spectroscopy [START_REF] Sboui | Characterisation of electrochemical immunosensor for detection of viable not-culturable forms of Legionellla pneumophila in water samples[END_REF]. The changes noted with SWV were confirmed by cyclic voltammetry. The same variation was found in the characterized signals as discussed for the SWV results. Of note, there was a greater decrease of the peak current with SWV compared to CV. This could be due to the sensitivity of the SWV technique. Indeed, SWV measures both the forward and the reverse current, while only the forward current is measured in CV [START_REF] Brahman | Highly sensitive stripping voltammetric determination of a biomolecule, pyruvic acid in solubilized system and biological fluids[END_REF].

All of these microscopic and electrochemical measurements suggest that the functionalization steps during the biosensor fabrication were successful. These data are in agreement with the results of the immunofluorescence experiment, which was carried out to make sure that the bioreceptor recognition sites were still accessible after the addition of BSA (using an Alexa

Fluor 555 antibody, data not shown). 

Antibody concentration optimization under static conditions

The aim of this part of the study was to estimate the lowest antibody concentration that would still ensure a linear electrochemical response, under static conditions, for bacterial suspensions ranging from 10 to 10 8 CFU/mL (as described in Section 2.4). Thus, three antibody concentrations of 0.01 mg/mL, 0.05 mg/mL, and 0.1 mg/mL were successively investigated.

The biosensor current signals needed for this study were, I mAb-BSA and I detection, which were the recorded signals without bacteria and the bacterial concentrations, respectively. These values could be attributed to the immobilization of bacterial cells, which acted as a barrier to electron transfer reactions on the biosensing surface. Such an impediment of the electron transfer kinetics on the electrode surface has been shown to occur during the formation of antibody/antigen complexes [START_REF] Yun | A nanotube array immunosensor for direct electrochemical detection of antigen-antibody binding[END_REF][START_REF] Zhang | Direct immobilization of antibodies on dialdehyde cellulose film for convenient construction of an electrochemical immunosensor[END_REF]. In order to confirm the immobilization of captured GFP-L. pneumophila, CLSM was performed. As shown in Fig. 3d, the images obtained indicate a homogeneous distribution of the captured bacterial cells at an antibody concentration of 0.1 mg/mL.

As can be seen in Fig. 3a and Fig. 3b, the ∆I/I values corresponding to antibody concentrations of 0.01 and 0.05 mg/mL did not increase in a linear manner with a Legionella concentration range from 10 to 10 8 CFU/mL. A saturation phenomenon was observed at these two antibody concentrations as the number of Legionella increased. By contrast, at an antibody concentration of 0.1 mg/mL (Fig. 3c), a linear increase in ΔI/I values was observed over a bacterial concentration range from 10 to 10 8 CFU/mL (R 2 = 0.975).

Therefore, under static conditions, the electrochemical biosensor functionalized with an antibody concentration of 0.1 mg/mL exhibited a wide linear response that ranged from 10 to 10 8 CFU/mL.

At an antibody concentration of 0.1 mg/mL, the limit of detection (LOD) was calculated to be 3 x SD (SD: standard deviation, n = 3) obtained from three measurements taken in the absence of bacteria. Three peak currents were recorded in the absence of Legionella, with values of 7.22 (I1), 7.02 (I2), and 5.9 µA (I3), with a mean value of 6.72 µA (I0). Each of these three values (I1, I2, and I3) was then used to obtain the corresponding immunosensor response in the absence of bacteria evaluated as |I0 -I|/I0. The values for the three responses obtained were: 0.075, 0.044, and 0.122, with a mean value of 0.08 and an SD value of 0.04. Therefore, the LOD was calculated to be 3 x SD, thus yielding a value of 0.12 with regard to the immunoresponse. The corresponding LOD value expressed in CFU/mL was then obtained from the calibration curve (Fig. 3c), yielding a value of ~ 10 CFU/mL. This LOD value was expected since the immunosensor responses varied linearly with the logarithmic value of the bacterial concentration over eight orders of magnitude (Fig. 3c), which included 10 CFU/mL. This LOD value is at least one order of magnitude lower than the values reported to date for the detection of Legionella pneumophila using various other biosensing devices. Compared to the previously published works discussed in the Introduction, our immunosensor appears to be the best device to detect Legionella pneumophila at 10 CFU/mL. Moreover, our method has the advantage of a relatively rapid analysis time (180 min), in addition to being portable, easy to operate, and relatively inexpensive compared to the other available technologies. Despite the excellent LOD value that we obtained and these advantages, this detection limit remains quite high compared to the reference levels for cooling towers (< 100 CFU/L) [START_REF] Miranda-Castro | PCR-coupled electrochemical sensing of Legionella pneumophila[END_REF] and thus needs to be improved. Another hurdle to be overcome is that this LOD is subject to the weakness of the corresponding response. As described above, the blank assay was associated with a biosensing response of [∆I/I]Blank = 0.08 ± 0.04. Otherwise, the immunosensor response with Legionella at 10 CFU/mL ([∆I/I]10 CFU/mL), obtained as the mean of three simultaneously measurements, was 0.08 ± 0.08. Thus, both of the [∆I/I]Blank and [∆I/I]10 CFU/mL responses were nearly the same.

This result suggests that 10 CFU/mL corresponds to the limit of detection of Legionella under static conditions, and this is in agreement with the obtained LOD (3 x SD). Nevertheless, due to the weakness of the response value and the relatively high SD, it would not be easy to detect 10 CFU/mL every time. Thus, increasing the response value of 10 CFU/mL by changing the detection conditions could be of great interest. Such an improvement would result in a more efficient quantification of 10 CFU/mL. 

Log [CFU/mL]

-0,3 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0 

-0,3 -0,2 -0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0 

3.3.Performance of the dynamic biosensor a-Electrochemical characterization

The biosensor described above was used to perform electrochemical measurements to detect and quantify Legionella present in circulating solutions (dynamic conditions). The aim was to achieve a faster response time and amplified signal sensing compared to measurements performed under static conditions as discussed previously.

The biosensor was coupled to the microfluidic system as described in Section 2.6. The biosensor measurements were performed under dynamic conditions with an antibody concentration of 0.1 mg/mL. A plot of ΔI/I values vs. the logarithm of a Legionella concentration ranging from 10 to 10 6 CFU/mL is shown in Fig. 4 (red curve). It can be seen that, compared to the sensor performance under static conditions (blue curve), the performance under dynamic conditions (red curve) indicates an amplified biosensing response. Furthermore, a linear increase in the ΔI/I values was only observed up to 10 3 CFU/mL. Between 10 3 CFU/mL and 10 6 CFU/mL the representative curve trended downward and tended to plateau, whereas the ΔI/I values measured under static conditions revealed a linear increase over the entire 10 to 10 8 CFU/mL bacterial concentration range. This finding illustrates the precocious appearance of a saturation phenomenon when the biosensor was used under dynamic conditions. Moreover, as can be seen in Fig. 4, the linear part of the curve established under dynamic conditions (R 2 = 0.991) was almost parallel to the linear representation obtained under static conditions. Considering that biosensor sensitivity is defined as the slope of the linear part of the calibration curve, our results suggest that the sensitivity of the biosensor under dynamic conditions remains almost the same as the sensitivity observed under static conditions. Circulation of each of the three bacterial concentrations (10, 10 2 , and 10 3 CFU/mL) led to a nearly 4.5-fold increase in the ΔI/I values relative to the ΔI/I values obtained under static conditions., namely [∆I/I]10 CFU/mL = 0.361 ± 0.04. The enhancement of the immunosensing response by the use of this microfluidic system suggests that it should be possible to use this biosensor under dynamic conditions to quantify Legionella at very low concentrations ranging from 10 to 10 3 CFU/mL. Due to the 4.5-fold increase in the immunosensing response achieved with circulation, a bacterial concentration of 10 CFU/mL can more readily be detected under dynamic conditions. In light of this, our method based on the use of circulating bacteria appears to be more suitable for quantification

of Legionella pneumophila at a concentration of 10 CFU/mL. In addition, it seems likely that the detection limit should be significantly lower compared to the LOD obtained under static conditions. Furthermore, the incubation time with the bacteria was reduced from 180 min under static conditions to 100 min under dynamic conditions. The enhancement in the immunosensing response under dynamic conditions may be attributed to the increase in the number of cells captured by recirculation of the Legionella samples. This is, on the one hand, directly linked to a higher probability of contact between the bacteria cells and the functionalized surface and, on the other hand, it explains the occurrence of a precocious saturation phenomenon under dynamic conditions.

Moreover, linearity was not sought for bacterial samples at high concentrations since the aim of this study was to detect and quantify Legionella at very low concentrations. In France, the law of the decree of February 1 st , 2010 (Arrêté du 1 er février 2010, n.d.) specifies that target values of 10 3 CFU/L in public entities and 10 CFU/L in healthcare institutions should be used for Legionella risk assessment. 

b-Physiological state of Legionella under dynamic conditions

In order to evaluate the impact of dynamic conditions on the physiological state of Legionella, culture and flow cytometry measurements were performed.

FCA (as described in Section 2.7), was applied to a bacterial concentration of 10 5 CFU/mL.

The percentage of dead cells before and after sample circulation was almost the same: 27%

for the bacterial cell input (the precirculated aqueous sample) and 29% after dynamic detection. Thus, these results indicate that the microfluidic system did not affect the viability of the Legionella cells under dynamic conditions. Moreover, similar to the results obtained by the culture method, the FCA results confirm, as in our previous study [START_REF] Sboui | Characterisation of electrochemical immunosensor for detection of viable not-culturable forms of Legionellla pneumophila in water samples[END_REF], that viable and culturable cells as well as viable but nonculturable cells were captured by the biosensor with the same degree of efficacy.

Table 2 presents the number of colonies for the three Legionella concentrations ranging from 10 to 10 3 CFU/mL. When performed with the precirculated aqueous samples, 15, 96, and 945 colonies were enumerated for the corresponding theoretical concentration of 10, 10 2 , and 10 3 CFU/mL, respectively. For these three bacterial concentrations, the plates incubated with recirculated solutions had 5, 45, and 601 enumerated colonies, respectively. Thus, these results indicate a decrease in the number of enumerated colonies when the cultures were performed with recirculated solutions compared to cultures performed prior to circulation.

Percentage-wise, these decreases were 67%, 53%, and 36%, respectively. The decrease in Legionella cells in the circulated solutions could result in more bacterial cells being captured, thereby leading to enhancement of the biosensing signals with regard to ΔI/I values.

As described above, a similar linear relationship was found between the ΔI/I values and the logarithm of the bacterial concentration ranging from 10 to 10 3 CFU/mL. Moreover, we found a linear relationship by plotting the percentage of captured cells and the logarithm of the corresponding concentrations (R 2 = 0.996). These two linear relationships suggest that the ΔI/I values were correlated to the percentage decrease in the number of colonies (R 2 = 0.977).

Therefore, it can be assumed that the increase in ΔI/I values was due to the greater extent of Legionella capture under dynamic conditions. An electrochemical method was developed by coupling a functionalized biosensor with a microfluidic cell for the detection of Legionella pneumophila sg1 in water samples. The main functionalization steps of the biosensor were performed by covalent linkage of a selfassembled monolayer of 16-amino-1-hexadecanethiol (16-AHT) onto a gold surface to immobilize an anti-L. pneumophila monoclonal antibody (mAb). Characterization by electrochemical methods and microscopic imaging techniques indicated immobilization of both the mAb and the targeted bacteria. Under static conditions, the biosensor exhibited a wide linear response range from 10 to 10 8 CFU/mL and a detection limit of 10 CFU/mL. Using a microfluidic system, a linear biosensing signal was obtained between 10 and 10 3 CFU/mL, with a response amplification by a factor of 4.5 compared to the results under static conditions. Thus, the observed enhancement of the biosensor response should result in a better detection limit: less than 10 CFU/mL. Therefore, the use of this combination for electrochemical detection of Legionella cells has several advantages such as sensitivity, good response amplification, an easy fabrication process, a faster method, real-time detection, and portability. There is hence ample potential to expand the application of this biosensor configuration to assess the risk of Legionella bacterial contamination in environmental water systems, and a real-time biosensing signal could be of practical value in this field, especially during epidemics.

Figure 1 .

 1 Figure 1. SEM images of bare Gold (a); 16-AHT/Gold (b); mAb/16-AHT/Gold (c), and mAb-BSA/16-AHT/Gold (d)

Figure 2 .

 2 Figure 2. Square-wave voltammetry (a) and cyclic voltammetry (b) of the modified electrode of bare Gold (red), 16-AHT/Gold (blue), and mAb-BSA/16-AHT/Gold (green)

  recorded signals permitted us to calculate the ∆I/I as [I (mAb-BSA) -I (detection)] / I (mAb-BSA). For each of the three antibody concentrations, a plot of the ∆I/I values versus the logarithm of the Legionella concentration is represented in Figure 3. As expected, there was a decrease in I detection due to bacterial capture, and thus an increase in the ∆I/I values as the bacterial concentration increased. The observed increase in the ∆I/I

Figure 3 .

 3 Figure 3. SWV net currents and sensor performance for antibody concentrations of 0.01 mg/mL (a), 0.05 mg/mL (b), and 0.1 mg/mL (c) under static conditions. A CLSM image of captured GFP-L. pneumophila (left) and a CLSM image of captured GFP-L. pneumophila with reflectance mode (right) using an antibody concentration of 0.1 mg/mL (d)

Figure 4 .

 4 Figure 4. Sensor performance: performance comparison between dynamic conditions (red curve) and static conditions (blue curve)

  

Table 1 .

 1 RMS value evaluation based on the AFM results (2 x 2 µm 2 )

	Surface	RMS value ± SD (nm)
	Bare gold	164 ± 75
	16-AHT/Gold	149 ± 55
	mAb/16-AHT /Gold	148 ± 73
	mAb-BSA/16-AHT/Gold	131 ± 54

Table 2 .

 2 Post-quantitative assessment of Legionella in recirculated artificially contaminated samples

	by culture
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